It is shown that the non-zero transition magnetic moment (µ tran ) between the sterile neutrino (ν s ) and the muon neutrino (ν µ ) could be effectively searched for via the Primakoff effect, in the process of ν µ Z → ν s Z conversion in the external Coulomb field of a nucleus Z, with the subsequent ν s → ν µ + γ decay. From the recent results of the NOMAD neutrino detector at CERN a model-independent constraint of µ tran < (10 −6 − 10 −9 )µ B is obtained depending on the value of ν s mass. For the m s ∼ O(1) GeV region these bounds are comparable with the present experimental ones on ν µ and ν e diagonal magnetic moments and are more sensitive than those on ν τ magnetic moment.
Introduction
Over the past few years it has been realized that a new fourth neutrino in addition to the three known neutrinos is highly required in many extensions of the Standard Model, e.g. see [1] . Neutrinos of new flavour with a mass smaller than M Z /2 cannot be a fourth SU(2) L doublet of left-handed neutrino, since they are excluded by invisible width of Z boson [2] . They have to be SU(2) singlet (sterile) neutrinos, which do not interact through W ± or Z bosons of the Standard Model.
The light sterile neutrino (m νs ≤ 1 eV ) seems unavoidable to explain significant anomalies which have been observed in experiments on solar neutrinos [3] - [7] , atmospheric neutrinos [8] - [10] and accelerator neutrinos [11] . The heavy neutrino (m νs ≥ 1 T eV ) could help to solve the problem of the origin of the excess of barions over anti-barions in the Universe. The barion asymmetry could originate from the lepton asymmetry due to non-pertubative electroweak effects, which were generated in the early Universe via CP-and lepton number non-conserving decays of heavy Majorana neutrinos [12] . In the recent publication [13] a new mechanism of leptogenesis was proposed. It suggests that asymmetries in lepton numbers were generated due to oscillations of heavy ( m νs = 1 − 100 GeV ) sterile neutrinos and their interactions with ordinary matter in the early Universe. Such neutrinos could mix with the standard ν e , ν µ , ν τ neutrinos or decay into them. This could be if, for example, massive sterile neutrino has a non-zero transition magnetic moment.
Non-zero electromagnetic properties of the neutrino have been discussed in many extensions of the Standard Model , for review see e.g. [14] . Usually large magnetic moment imply large masses. In the simplest extension, for example, neutrino masses and corresponding magnetic moments (acquiring through radiative corrections) are proportional [15] :
where G F is the Fermi constant, µ ij (i, j = e, µ, τ ) is the neutrino magnetic moment matrix, m ij is the Dirac neutrino mass matrix and µ B = e/2m e is the Bohr magneton. Naively, for neutrino masses in the GeV-range suggested in ref. [13] , this model gives a greater neutrino magnetic moment than 10 −10 µ B , which is large enough to be observed in the terrestrial experiments through neutrino electromagnetic interactions. In this case, the interesting electromagnetic processes with the participation of sterile neutrinos, if they exist, and photons are single or two photon neutrino decays ν i → ν j + γ, ν i → ν j + γ + γ or neutrino-photon scattering ν i + γ → ν j + γ, where ν i stands also for ν s . Note that in general one and two photon neutrino decays are independent. For instance, in the Standard Model with massive neutrino for neutrino mass m ν i ∼ O(1) MeV the two photon decay is not GIM suppressed and can dominate [16] . Therefore, it would be interesting to obtain direct experimental bounds on the two photon neutrino decay and on the neutrino photon scattering.
The most stringent experimental bounds on magnetic moments of ν µ and ν e neutrinos, µ νe < 1.1 × 10 −10 µ B and µ νµ < 7.4 × 10 −9 µ B , were obtained in ref. [17] from the analysis of ν − e scattering. The limits on magnetic moments of ν τ are less stringent: µ τ τ < 5.4 × 10 −7 µ B [18] and µ τ x < 10 −9 × (MeV /m ντ ) 2 µ B [19] from measurements at BEBC, µ τ x < 4.0 × 10 −6 µ B from the analysis of LEP data [20] . The magnetic moment of the sterile neutrino could be constrained from the supernova SN1987a observations. However, the bounds are model-dependent [21] and will not be considered further here.
In this Letter we apply the Primakoff idea to measure the π 0 → 2γ width by measuring the cross section for the scattering process γZ → π 0 Z for measurements of radiative neutrino decays. Here Z stands for a heavy nucleus. We show that non-zero transition magnetic moment µ tran between sterile neutrino ν s and muon neutrino could be effectively searched for via the Primakoff effect, in the process of ν µ Z → ν s Z conversion in the external Coulomb field of a nucleus with the subsequent decay of ν s → ν µ + γ. An estimate of the bounds on transition magnetic moments µ tran is obtained from the recent results of the NOMAD neutrino detector at CERN [22] . From the same analysis, we deduce also a bound on the width of two photon ν τ (ν s ) → ν µ γγ neutrino decay via the use of Primakoff reaction ν µ Z → ν τ (ν s ) + γ + Z. In both cases a photon from neutrino decay is played by the Coulomb field of the nucleus (see for example Fig.1 ).
It should be noted that the use of the magnetic Primakoff effect has been discussed in refs. [23, 24] for the investigation of the one-photon neutrino decay ν i → ν j + γ. The present work is based mainly on result obtained in ref. [25] .
The organisation of the paper is the following. In section 2 we give the formulae for the Primakoff cross sections and the decay widths for the neutrinos with non-zero transition magnetic moments. In section 3 we give the formulae for the decay widths and the cross sections for the processes ν i → ν j + γγ and ν j Z → ν i γZ. In section 4 we estimate the bounds on the transition magnetic moments and on two photon neutrino decay widths from the recent NOMAD results. Section 5 contains concluding remarks. 2 Primakoff cross section for ν j Z → ν i Z
The Lagrangian describing the neutrino interaction with electromagnetic field due to non-zero anomalous transition magnetic moment has the form
Here for simplicity we consider the case when ν i and ν j are Dirac neutrinos. The corresponding modification for the case of Majorana neutrinos is straightforward.
where µ tran is the transition magnetic moment between i, j neutrino states. The cross section for the reaction ν j Z → ν i Z through the Primakoff effect has the form dσ dΩ
, P LAB is the momentum of the incoming neutrino in the laboratory system and F 2 (t) is form-factor of the target. In our estimates we shall use the model of form-factors described in ref. [27] .
Cross section and decay width for two-photon processes
Let us now consider the two-photon neutrino decay ν i → ν j + γ + γ. One can find that the Primakoff cross section for the reaction ν j + Z → ν i + γ + Z in the approximation of the equivalent photons for the scattering of neutrino on heavy nuclei is given in the laboratory frame by the formulae:
where Z 2 F 2 (t) is the target form-factor, t is the square of the momentum transfer, t 0 is the minimal transfer momentum square. Φ(x) = xσ(x) and σ(s) is the cross section for the reaction ν i γ → ν j γ. Unfortunately Eq. (6) is not very useful for deriving bounds on neutrino-photon interaction. To obtain more useful formulae we parametrise the neutrino-photon scattering using the method of the effective Lagrangians. The two-photon neutrino decay width or photon-neutrino scattering is described by d=7 effective Lagrangian:
where the coefficients F Sk,ij , F Ak,ij have the dimension [mass] −3 . Here we again consider the case of the Dirac neutrino. The generalisation to the case of the Majorana neutrino is straightforward. The Lagrangian (8) is the most general d=7 Lagrangian describing two-photon neutrino decay. The d=8 operators are suppressed by additional power of high inverse mass and we shall ignore them. For the effective Lagrangian (8) the cross-section for the reaction ν j Z → ν i +γ +Z has the form
For the effective Lagrangian (3) the differential decay width rate for the reaction ν i → ν j γγ is
Here s = (k i + k j ) 2 is the invariant mass square of the photon pair (0 ≤ s ≤ (m i − m j ) 2 . For the most interesting case m i ≫ m j we have
Method of Search at NOMAD
In this section we consider the NOMAD neutrino detector [26] as an example in order to estimate bounds on ν s transition magnetic moments and on two photon neutrino decay width. The NOMAD detector, designed to search for a neutrino oscillation signal in the CERN SPS wide-band neutrino beam, is described in detail in ref. [26] . The neutrino beam with the average muon neutrino momentum < P νµ >= 27 GeV is generated by 450 GeV protons delivered by the SPS to the Be neutrino target. Consider the production of sterile neutrino in NOMAD (we will follow bellow to similar estimate of the NOMAD sensitivity for a new light boson search described in ref. [25] ). The experimental signature for search for the single photon (see Fig.1 ) or two-photon radiative neutrino decay is the single high energy gamma quantum with the average energy E γ ≈ Eν µ 2 in the forward direction that results in a single isolated electromagnetic shower in the detector. Because the cross sections for ν µ Z → ν s Z and ν µ Z → ν s γZ are proportional to Z 2 , preferable search for such events is in the lead of the NOMAD preshower(PRS) detector [26] .
The occurrence of ν µ Z → ν s → ν µ γZ or ν µ Z → ν s +γ+Z events would appear as an excess of neutrino-like interactions in the PRS with pure electromagnetic final states above those expected from Monte Carlo predictions. The main contribution to the background is expected from the standard neutrino processes which have a significant electromagnetic component in the final state, e.g. coherent and diffractive π 0 production; ν e CC interactions, quasi-elastic ν e scattering, etc..
The results of refs. [22, 25] on the NOMAD search for the hypothetical Xboson, where the similar signature with the single high energy photon in the final state has been used, constrain the cross section σ ≡ σ(ν µ + Z → γ + Z + +invisible) to σ ≤ 10 −3 pb
To calculate the Primakoff cross section on lead ( Eq.(5)), the model of atomic and nuclei form-factors described in ref. [27] was used. The target form-factor Z 2 F 2 (t) consists of three parts. At small t ≤ t 0 we use the Thomas-Fermi-Moliere model for atomic form-factors [27] :
where a = 111.7Z − 1 3 /m e , a 1 = 724.2Z − 2 3 /m e . For values t ≥ t 0 = 7.39m 2 e we use the elastic nuclear form-factor [27] :
where d = 0.164A − 2 3 GeV 2 and A is the mass number. These calculations combined with limit of Eq.(18) result in bounds to the neutrino transition magnetic moment µ tran which are shown in Table 1 for different ν s masses. In this estimate, based on MC simulations [25] , the neutrino decay length inside of the NOMAD detector was taken to be ∼ 1 cm (thickness of the PRS lead, [26] ). In the second column the upper bound on Br(ν s → ν µ + γ) 1/2 µ tran /µ B is shown for the case when ν s decays mainly inside PRS lead with the subsequent conversion of the decay photon [25] . Here, Br(ν s → ν µ + γ) = Γ(ν s → ν µ + γ)/Γ(ν s → all) is the branching ratio of ν s → ν µ + γ decay. In the third column the upper bound on µ tran /µ B is shown under assumption that the ν s decay rate is dominated by the rate of this radiative mode. The corresponding exclusion region for this case is illustrated also in Fig.2 .
1.0 · 10 −10 8.2 · 10 −7 0.01 1.0 · 10 −10 8.0 · 10 −8 0.02 1.0 · 10 −10 4.8 · 10 −8 0.05 1.1 · 10 −10 2.1 · 10 −8 0.1 1.2 · 10 −10 1.0 · 10 −8 0. 15 1.4 · 10 −10 8.0 · 10 −9 0.2 1.6 · 10 −10 6.1 · 10 −9 0.25 1.9 · 10 −10 4.9 · 10 −9 0.5 2.8 · 10 −10 3.0 · 10 −9 1 4.7 · 10 −10 1.9 · 10 −9 2 1.4 · 10 −9 2.4 · 10 −9 3 5.7 · 10 −9 6.7 · 10 −9 5 4.2 · 10 −8 4.2 · 10 −8 10 7.0 · 10 −7 7.0 · 10 −7 For the two photon process ν µ Z → ν τ (ν s )γZ we have found that the nuclei form-factor gives the main contribution and F 2 (t)dt ≈ d. After numerical calculation we find that 
for m νs ≤ 1GeV . From the bounds of Eqs. (18, 25) we find that
This result in the limit on two-photon neutrino decay time
which is valid for the m ν ranges from arbitrary small masses up to the value of m ν ∼ O(1)GeV , which is defined by t 2 suppresion of the Primakoff cross section (6) at corresponding momentum transfer. It is interesting to compare this limit with the astrophysical bounds on ν τ → νγ decay lifetime for m ντ ≤ 50 MeV [28] :
τ νγ > 8.4 × 10 8 MeV /m ντ sec (28) or with the BEBC model-independent constraint on limit on ν τ → νe + e − decay lifetime [19] : τ νe + e − > 0.18 m ντ /MeV sec (29)
The limit of Eq. (27) is much stronger. For the case of ν τ (ν s ) → ν e γγ decay we have a bound that is two orders of magnitude weaker, since the fraction of ν e in the SPS neutrino beam is ∼ 1%. Note that one can derive analogous bounds on two photon neutrino decay width for the case of arbitrary relations between neutrino masses, also it is possible to obtain the corresponding bound on neutrino-photon cross section from the limit of Eq.(25).
Conclusion
It is shown that non-zero transition magnetic moment between sterile neutrino and muon neutrino species could be effectively searched for via the Primakoff effect, in the process of ν µ Z → ν s Z conversion in the external Coulomb field of a nucleus, with the subsequent ν s → ν µ + γ decay. From the recent results of the NOMAD neutrino detector at CERN a model-independent constraint of µ tran < (10 −6 − 10 −9 )µ B
is obtained depending on the value of ν s mass. For m s ∼ O(1) GeV these bounds are comparable with the present experimental ones on ν µ and ν e diagonal magnetic moments and are a few orders of magnitude more sensitive than those on ν τ magnetic moment obtained in ref. [18, 20] .
From the same analysis a constraint on lifetime for two-photon neutrino decay ν τ (ν s ) → ν µ + γ + γ τ νµγγ > 2 × 10 13 sec/m 7 ν (MeV ) (31)
is obtained. The limit is valid for the m ν range from arbitrary small neutrino masses up to m ν ∼ O(1) GeV . This limit is much more stringent than the bound on radiative ν τ → νγ decay lifetime found in ref. [28] or the limit on ν τ → νe + e − decay lifetime from ref. [19] . It should be noted that our estimates based on NOMAD data are rather conservative. They are obtained for the light target ( NOMAD preshower) and for the short neutrino decay length ∼ 10 cm. However, one can consider sterile neutrino production in the SPS neutrino beam dump region (improvement factor > 10 4 in a probability of ν µ → ν s conversion) with the subsequent sterile neutrino decay in the full NOMAD fiducial volume (improvement factor > 500 in probability of decay). Therefore, we belive the limits o Eqs.(30,31) can be significantly improved by more detailed analysis of the NOMAD neutrino data, especially for the long-lived (light) sterile neutrinos.
